A B S T R A C r The effects of hyperglycemia and hyperinsulinemia on renal handling of -sodium, calcium, and phosphate were studied in dogs employing the r.ecollection micropuncture technique. Subthreshold sustained hyperglycemia resulted in an isonatric inhibition of proximal tubular sodium, fluid, calcium, and phosphate reabsorption by 8-14%. Fractional excretion of sodium and phosphate, however, fell (P < 0.01) indicating that the increased delivery of these ions was reabsorbed in portions of the nephron distal to the site of puncture and in addition net sodium and phosphate transport was enhanced resulting in a significant antinatriuresis and antiphosphaturia.
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The creation of a steady state plateau of hyperinsulinemia while maintaining the blood glucose concentration at euglycemic levels mimicked the effects of hyperglycemia on proximal tubular transport and fractional excretion of sodium and calcium. Tubular fluid to plasma inulin ratio fell, similar to the hyperglycemic studies. These results suggest that the effects of hyperglycemia on renal handling of sodium and calcium may be mediated through changes in plasma insulin concentration. In contrast to hyperglycemia, however, hyperinsulinemia caused a significant fall in tubular fluid to plasma phosphate ratio with enhanced proximal tubular phosphate reabsorption (P < 0.02). This occurred concomitantly with a significant inhibition of proximal tubular sodium transport. These data indicate that insulin has a direct effect on proximal tubular phosphate reabsorption, and this effect of insulin is masked by the presence of increased amounts of unreabsorbed glucose in the tubule that ensues when hyperinsulinemia occurs -secondary to hyperglycemia. Fractional excretion INTRODUCTION Recent clearance studies in man by DeFronzo et al. have shown that hyperinsulinemia is associated with antinatriuresis, antiphosphaturia, and calciuria (1) . This effect of insulin on renal electrolyte transport was independent of changes in plasma aldosterone concentration, glomerular filtration rate, renal plasma flow, filtered glucose load, or blood glucose concentration. The data also suggested that the effect of insulin on electrolyte transport occurred in the distal nephron. Similar effects of insulin on sodium transport have been demonstrated in vitro employing amphibian epithelia (2-5) and the isolated perfused dog kidney (6) . A fall in urinary sodium excretion and a calciuria after carbohydrate loading has also been observed by several investigators (7) (8) (9) (10) (11) (12) . However, whether the changes in sodium and calcium excretion in these studies were secondary to hyperglycemia per se or mediated through changes in plasma insulin concentration was not ascertained. The present study was undertaken to evaluate the separate effects of hyperglycemia and hyperinsulinemia on renal tubular electrolyte transport and to localize these effects within the nephron.
were given followed by sustaining infusions of inulin and PAH in 0.9% saline at a rate of 0.5 ml/min. Variations of -this basic protocol were used in the different groups of animals as described below.
Group I. Time control. To evaluate the effects of the recollection micropuncture technique per se upon the various indices being measured, five dogs received only the maintenance infusion of inulin and PAH at 0.5 ml/min for 3-4 h of the experiment. Initial (control) samples were obtained by micropuncture techniques as previously described (13) from three to eight late surface proximal tubules over 30-60 min. Tubular recollections were begun 40 min after completion of the initial collections. Urine was collected separately from each kidney during the control and recollection periods and blood samples were drawn via a femoral arterial catheter at the beginning, midpoint, and end of each period.
Group II. Hyperglycemic animals. In 10 dogs, after the initial tubular fluid collections, the arterial plasma glucose concentrations was acutely raised and maintained 70 mg/dl above the basal level employing the glucose clamp technique (15) . A priming infusion of 20% glucose calculated to raise the plasma glucose concentration 70 mg/dl was given over 10 min. Plasma glucose concentration was determined every 5-10 min thereafter and a variable infusion of 20% glucose was adjusted to maintain the glucose concentration at the desired level. After 40 min of sustained hyperglycemia proximal tubules were repunctured.
The total volume of fluid infused per animal of glucose solution during these studies was 63 ml over a 2-h period.
Net fluid balance compared to controls was actually negative, however as the volume of blood drawn to monitor blood glucose in this group averaged 82 ml per animal/2 h interval. (15) . Recollections were performed after 40 min of sustained hyperinsulinemia. The total volume infused per animal of glucose solution during these studies was 41 ml. As 72 ml blood was drawn for estimation of blood glucose, the fluid balance in this group was -30 ml/animal compared to the controls.
Group IV. Unilateral insulin infusion. In four dogs after the insertion of arterial, venous, and ureteral catheters, the left renal artery was exposed through a midline abdominal incision and a no. 23 gauge scalp vein needle was inserted and kept open with an infusion of 0.9%o saline at the rate of 0.1 ml/min. After three 20-min control collections, 1.1 mU of insulin/min was given in 0.9% saline which was infused at a rate of 0.1 ml/min and 3-5 30-min urine collections were obtained. Urine was collected separately from each kidney and changes in electrolyte excretion from the left kidney were compared to the right which served as a control.
Analytical methods. Serum and urine sodium, calcium, and phosphate concentrations were determined as previously described (13) .
[H8] inulin activity in tubular fluid, urine, and plasma was determined in a Packard liquid scintillation spectrometer (14) (Packard Instrument Co., Inc., Downers Grove, Ill.).
Tubular fluid concentrations of sodium, calcium, and. phosphate were determined by electron microprobe analysis as previously described from this laboratory (16) . PAH was measured by Auto-Analyzer (17) . (Technicon Instruments Corporation, Ardsley, N. Y.) Blood glucose concentration was determined by the glucose oxidase method with a Beckman Glucose Analyzer (Beckman Instruments, Inc., Cedar Grove, N. J.) and plasma insulin concentration by radioimmunoassay as previously reported (1) .
Clearance data, unless otherwise specified, are reported from the micropunctured kidney and were calculated in the usual manner. Fractional reabsorption of electrolytes and fluid in the proximal tubule were calculated by standard formulae (13) . For each animal the mean of the micropuncture and clearance observations was calculated and the significance of the mean difference between control and recollection periods for each group was determined by the t test for paired or nonindependent variables. The significance of the difference between control, hyperglycemic, and hyperinsulinemic groups was determined by the t test for unpaired or independent variables (18) .
RESULTS
Group I. Time controls. Glomerular filtration rate and renal plasma flow did not change significantly during the period of study (Table I) . Similarly, there were no significant changes in either the serum concentrations of fractional excretion (FE) of sodium and calcium. Initial levels of serum sodium and ultrafilterable calcium were 142±1.4 meq/l and 2.87±0.28 meq/l, respectively (mean+SEM). The anticipated diurnal increase in FE of phosphate (19) from 4.55±0.71 to 16.49+1.55% occurred (P < 0.001) and this was associated with a small but significant increase in plasma phosphate concentration from 5.58±0.37 to 5.82±0.37 mg/dl (P < 0.01).
Tubular fluid over plasma inulin ratio, (TF/P)IN, from 27 tubules was 1.57±0.12 during the control collections and 1.62±0.14 during recollection ( Fig. 1) indicating that fractional water and sodium reabsorption by the proximal tubule was not altered by the 3-4 h experimental procedure. Tubular fluid over ultrafilterable (TF/UF) phosphate ratio was not measured in these animals, but previous studies from our laboratory indicate that there is no change in proximal tubular phosphate reabsorption with time in control animals despite increased urinary phosphate excretion (13).
Group II. Hyperglycemic animals. After the 12-h overnight fast the plasma glucose concentration averaged 104±5 mg/dl and the plasma insulin concentration 6±1 pU/ml. During sustained hyperglycemia the plasma glucose concentration averaged 178±5 mg/dl and the plasma insulin concentration 37±15 AU/ml (Fig. 2) . Glucose excretion averaged 1.9±0.4 g/min during the (Table II) , the delivery of sodium, calcium, and phosphate out of the proximal tubule increased significantly during hyperglycemia (Fig. 4) .
Thus, in this group, hyperglycemia decreased fractional reabsorption of sodium, calcium, phosphate, and fluid by the proximal tubule, yet fractional excretion of sodium and phosphate fell significantly.
Group III. Hyperinsulinemic animals. Fasting plasma glucose and insulin concentrations averaged 111+7 mg/dl and 9±3 AzU/ml, respectively. After the low, middle, and high dose insulin infusions the steady state plasma insulin concentrations averaged 72, 131, and 442 AU/ml. During the period of sustained hyperinsulinemia the plasma glucose concentration averaged 102±+1 mg/dl (Fig. 2) . Since there were no differences in either the micropuncture or clearance data between the three different doses of insulin the data from the seven animals receiving insulin infusion were combined for analysis.
Glomerular filtration rate and renal plasma flow were unchanged during the period of insulin infusion (Table   I ). Similar to the hyperglycemia animals, insulin resulted in a significant fall in FE of sodium and phosphate from 0.34±0.06 to 0.17±0.04% and 15.99±1.59 to 4.65±0.58%, respectively (P < 0.005; and were unchanged during insulin administration. Serum UF calcium and FE of calcium were not altered by the insulin infusion. The FE of phosphate fell significantly both within the group and also when compared to controls (P < 0.005).
In the proximal tubule (TF/P)IN fell from 1.45±0.02 to 1.31±0.04 (P < 0.02); (Table II and Fig. 1 ). TF/P sodium and TF/UF calcium remained unchanged (Table  II) and the fractional delivery of both ions out of the proximal tubule increased (Fig. 4) . In contrast to the hyperglycemic animals, however, (TF/UF)Po4 fell from 0.72±0.09 to 0.52±0.07 (P < 0.005) and proximal tubular phosphate reabsorption increased from 47+6 to 61+5% (P < 0.02) of filtered load thereby decreasing delivery out of the proximal tubule (Fig. 4) .
Thus, in this group, hyperinsulinemia decreased fractional reabsorption of sodium, calcium, and fluid by the proximal tubule, yet fractional sodium excretion fell significantly similar to glucose. In contrast to hyperglycemia, however, proximal tubular phosphate reabsorption was markedly enhanced and FE of phosphate fell.
Group IV. Unilateral renal artery insulin infusion. Table III summarizes the percent change in fractional reabsorption of sodium in four dogs in which insulin was infused into the left renal artery. Data are shown for both right and left kidneys. In the insulin infused kidney, percent fractional sodium excretion decreased by a mean value of 50±13% which was significantly different from the uninfused kidney (P < 0.005). Percent fractional phosphate excretion rose in the uninfused kidney from 11.42±3.72 to 17.14±2.45% (P < 0.05) while there was no change in phosphate excretion in the insulin infused kidney (from 10.9±3.46 to 11.93+3.16%). 
DISCUSSION
It is clear that insulin and glucose have significant effects on renal tubular electrolyte transport and that these effects are exerted both proximally and distally. Sustained, subthreshold hyperglycemia results in a significant reduction in urinary sodium excretion despite enhanced delivery out of the proximal tubule. Our data in the proximal tubule are different than those obtained with microperfusion studies. Thus, previous studies by Kokko in the isolated rabbit proximal convoluted tubule (20) and by Weinman et al. using microperfusion techniques in the rat (21) , indicate that base-line sodium transport is diminished when glucose is removed from the perfusate. Our studies however utilizing sustained systemic hyperglycemia obviously differ markedly in design and the mechanism of these effects is not readily apparent. Proximal tubular sodium reabsorption was inhibited without a change in TF/P sodium ratio indicating an isonatric inhibition of proximal tubular fluid and sodium transport after glucose administration. This effect is unlike that of mannitol and similar osmotic diuretics which are associated with a fall in TF/P sodium secondary to primary inhibition of fluid reabsorption (22) . Thus, it seems likely that the effects of subthreshold hyperglycemia are related to either systemic or intrarenal metabolic alterations. Since hyperglycemia in our studies was associated with a rise in plasma insulin concentration (range = 16-71 pU/ml), it was not clear whether the observed changes in renal electrolyte transport were related to the hyperglycemia and increased filtered load of glucose or were due to the effect of insulin. To answer this question, we per- formed studies during a steady state plateau of hyperinsulinemia while maintaining euglycemia. Similar to glucose infusion, hyperinsulinemia resulted in a fall in FE of sodium. Proximal fluid reabsorption was similarly reduced and proximal tubular sodium reabsorption was also inhibited without a change in TF/P sodium, again indicating proportional inhibition of fluid and sodium transport. These data suggest that insulin also has an effect on sodium reabsorption distal to the site of proximal puncture. The similarity between the effects of hyperinsulinemia and hyperglycemia on sodium transport in both segments of the nephron suggests that the effects of glucose may be mediated via insulin. Furthermore, the effects of insulin (range of plasma insulin concentration with low dose infusion = 49-89 uU/ml) on renal sodium transport were observed at levels within the physiologic range and were comparable to those observed during the hyperglycemic studies. The demonstration of a significant unilateral fall in urinary sodium excretion after insulin infusion directly into one renal artery is consistent with a direct renal effect of insulin on sodium transport and is in agreement with data obtained with insulin in the isolated, perfused kidney preparation (6) . The localization of the antinatriuretic effect of insulin to portions of the nephron distal to the site of proximal puncture in these micropuncture studies is in agreement with free water clearance studies previously reported in man (1). Insulin has also been shown to stimulate sodium transport by the urinary toad bladder, a preparation used to simulate the distal nephron (2) (3) (4) (5) .
The infusion of both glucose and insulin were associated with a significant inhibition of proximal tubular calcium transport but this was not apparent in the final urine. Thus, the increased calcium load must have been reabsorbed beyond the site of proximal puncture. An antinatriuresis and a dissociation between sodium and calcium transport associated with increased calcium excretion has been reported after glucose loading in humans (7, 8) . This difference may reflect species variation, the use of anesthesia in our studies, or may be related to the route of glucose administration. It should also be pointed out, however, that in contrast to our studies, glucosuria was present in the human -studies and this may contribute to observed differences.
Our data also demonstrate that both insulin and glucose reduce phosphate excretion. Prior studies in man (23) (24) (25) and dog (26) (27) (28) had suggested that hyperglycemia increases renal phosphate excretion. In contrast to our studies, however, significant glucosuria was present in all of these previous studies. Furthermore, in the dog studies (26) (27) (28) hyperphosphatemia was produced by phosphate infusion before glucose administration. Thus, an enhancing effect of hyperglycemia on phosphate reabsorption may have been masked by an osmotic effect of glucose or prior phosphate administration. The fall in phosphate excretion after glucose administration in our studies is even more impressive when compared to the diurnal increase in FE of phosphate noted in the control animals.
Proximal tubular phosphate reabsorption after glucose was inhibited concomitantly with fluid and sodium. Yet fractional phosphate excretion fell indicating that enhanced reabsorption of phosphate distal to the site of proximal micropuncture was responsible for the reduction in phosphate excretion. Since previous micropuncture studies in the rat by Amiel et al. (29) and Agus et al. (30) have shown that the major fraction of distal phosphate reabsorption occurs beyond the loop of Henle, it is likely that a significant portion of the proximally rejected phosphate in our studies was reabsorbed in the late distal tubule and/or collecting duct.
The decrease in FE of phosphate with insulin was even more striking than that after glucose and was observed in the absence of a change in filtered phosphate load. This effect of insulin on phosphate excretion is similar to that previously reported in man (1) . Several other studies have documented a decrease in phosphate clearance after insulin administration (24, 31, 32 ) but a concomitant fall in plasma phosphate concentration also occurred.
Proximal tubular phosphate reabsorption was increased by insulin despite simultaneous inhibition of sodium reabsorption. Although Wen has previously shown that proximal TF/UF phosphate can be increased or decreased without a change in TF/P inulin (33), our observations appear to be the first demonstration that proximal tubular sodium and phosphate transport can vary in opposite directions simultaneously, and suggests for the first time the presence of sodium independent phosphate transport in the proximal tubule. The increase in proximal phosphate reabsorption after insulin is in contrast to the decreased reabsorption seen with glucose. It seems likely that when hyperinsulinemia occurs in association with hyperglycemia and an increase in the filtered load of glucose, the stimulation of phosphate transport by insulin is masked by the presence of increased amounts of unreabsorbed glucose in the tubule. Several investigators have previously postulated that glucose and phosphate may share a common transport pathway and that they may compete for transport sites within this pathway (34) . Our results are compatible with such a proximal competitive inhibition of glucose on phosphate transport, although the cellular loci and nature of such a system remain to be delineated.
The mechanism of the stimulation of phosphate transport by insulin in our studies is not clear. Since serum phosphate and glomerular filtration rate remained constant after insulin, alterations in the filtered phosphate load cannot explain the changes in renal tubular phosphate transport. Recent studies by Shah et al. (35) indicate that hypoglycemia may stimulate the secretion of parathyroid hormone. If the inverse is also true, such that hyperglycemia (or increased cellular glucose transport with hyperinsulinemia) inhibited parathyroid hormone excretion, then it is possible that decreased levels of parathyroid hormone may have played a role in the enhanced phosphate reabsorption observed with insulin in these studies. This would not explain the alterations in sodium transport as parathyroid hormone has previously been shown to inhibit proximal tubular fluid reabsorption. In addition, the data obtained with intrarenal infusion of insulin indicate that at least part of the antiphosphaturia may be related to a direct renal effect. In this regard, it is of interest that insulin has been shown to reduce adipose tissue and liver cyclic AMP levels, either through depression of adenylate cyclase activity or enhanced phosphodiesterase activity (36) . Similar effects of insulin in renal tubular cells could explain some of the effects observed in our studies.
In summary, glucose has dual effects in the nephron. Proximally, it results in an isonatric inhibition of fluid and sodium transport along with calcium and phosphate. The increased load of these ions delivered from the proximal tubule is reabsorbed distal to the puncture site. In addition there is an enhanced net reabsorption of sodium and phosphate. Insulin simulates the effects of glucose on sodium and calcium in both the proximal tubule and in portions of the nephron distal to the site of puncture. In contrast to glucose, however, insulin dissociates sodium and phosphate reabsorption and strikingly enhances proximal tubular phosphate reabsorption contributing to the marked reduction in phosphate excretion. Although the decreased phosphate excretion after insulin administration can entirely be accounted for by increased proximal tubular reabsorption, the re-sults of the hyperglycemic studies suggest that insulin may also enhance phosphate transport at sites distal to the site of proximal puncture.
